Competence is a standardized way to define the profile of an enterprise. Understanding and auditing competences acquired, required, and desired by a company and further representing them in a structured manner is a beneficial step for enhancing the company's performance. Ontology is emerging as an effective tool to structure competences for comprehensive and transportable machine understanding. In the present paper, ECOS (Enterprise Competence Organization Schema) is presented as a mechanism to capture enterprise competence in a manner understandable by computers. The objective behind this concept is to create a web of machine-readable pages describing basic information and competences of enterprises with sets of interconnected data and semantic models. The ECOS ontology captures enterprise competences using a consistent and comprehensive list of concepts and vocabulary and converts them into a semantic web resource using the Web Ontology Language (OWL). The novel concept of an ECOS-card and ECOS-form is proposed and used for developing and publishing enterprise competences. Examples from real-life enterprise applications of ECOS are also shown in the paper.
INTRODUCTION
With the advent of information and communication technologies, numerous formal, and informal networks are emerging among organizations and individuals [1] . Traditional notions of enterprises with clear boundaries and limited relationships are no longer adequate. In order to compete with the global giants, enterprises are looking beyond self-centred passive environments and are trying to form inter-enterprise networks to succeed and achieve business goals [2] . However, creation of a collaborative alliance is a difficult process that requires strategic and management decisionmaking processes about the selection of partners. To support these processes, there is a need to store, update, share, promote, and transfer each partner's skills and abilities efficiently [3, 4] . Apart from this, it is important to recognize and manage the knowledge and skills of enterprises' internal competence.
Bearing the industrial requirements in mind, it is necessary to capture the skills and abilities of enterprises in a formalized manner (as profiles). Awareness of these profiles is a beneficial step to envisage and plan execution of new missions, to make a better appraisal of human capital, to initiate and mediate partnerships, and to enhance organizational performance [5] . Enterprise competence profiles are usually captured and published as text documents, such as web homepages, industrial profiles, business cards, etc. Such unstructured documents are selfcontained sets of ideas delineating certain information about the company [6] . It is necessary to develop a standard mechanism for modelling, management, and exchange of competence information in a more explicit and structured manner.
In the literature, competence models have continuously been used to consolidate and contextualize enterprise competence in an explicit and structured manner [7, 8] . Competence is a crucial factor in business scenarios that give a deeper description about the profile of an enterprise and individual [9] . Such a profile demonstrates the knowledge, skills, experience, and attributes necessary to carry out a defined function effectively. In the past, competence was handled by humans having good knowledge about acquirements and requirements of the firms [10] . In the current situation, where global markets and partnerships are increasing, it is very difficult to handle information about all the collaborative firms and hence it is necessary to model the knowledge in a form that is manageable and addressable [11] .
In the present paper, ECOS (Enterprise Competence Organization Schema) ontology is introduced to represent the published competences of enterprises. Ontology-based knowledge representation is a powerful scheme to model concepts and relationships that allow knowledge to be designed, shared, and reused in a disciplined way [12] . ECOS captures the domain knowledge and establishes common vocabularies which can be understood by systems as well as humans. It is used to capture, organize, and publish enterprise competence under four fundamental domains -i.e. general information, business details, specific information, and business records -and is further represented through an explicit ontology language (OWL) that can be interpreted by software as well as humans [13, 14] . The novel concept of an ECOS-card is proposed in this paper to publish enterprise competence as a standard electronic business card. It is proposed to enhance the manageability of enterprise competence, generally available as unstructured text documents, and enable software agents to carry out sophisticated tasks such as planning, evaluation, profile matching, and need analysis. A simple web application, named ECOS-form, has been developed to create an ECOScard and publish it on the internet.
The objective of ECOS is to create a web of machinereadable pages and utilize it to support enterprises in constructing and maintaining their own competences, evaluating their competences, matching their own competences with others, and finding others with desired competences in appropriate domains. It can be used in various enterprise applications such as selecting suitable partners, identifying appropriate tenders, and finding certain competencies. The novelty of the paper resides in providing an ontology modelling technique to represent the enterprise competence. ECOS is developed to represent the enterprise competence and is used, for the first time, to publish information in the form of an ECOS-card, a machine-readable page in RDF/XML format.
The organization of the paper is as follows. Section 2 provides brief detail about enterprise competence, related literature on enterprise ontologies, and competence management. Section 3 provides a discussion on motivation and objectives for development of the ECOS model. In section 4, definition and details about the ECOS ontology model are provided. Section 5 provides a simple example explaining the implementation of ECOS. In section 6, real-life application areas for the ECOS model are provided. Section 7 discusses the interoperability of the ECOS ontology with existing ontologies. Finally, conclusions for this paper are given in section 8.
ENTERPRISE COMPETENCE: CONCEPT AND TREND
Any company willing to enter a global market must publish the competences -skills, capability, expertise, etc. -it is able to offer. When enterprises are considered, competences include business activities, products or services produced, and their preferences. Enterprise competence defines the skills and abilities of an organization to carry out certain types of task based on knowledge and experience of its methods and resources, as shown in Fig. 1 . It is the ability to coordinate the deployment of a company's assets in ways that give competitive advantage and produce success in the market place. Competence is a new way to consider relationships among individuals, groups, and organizations, associated with a new vision of performance as well as new forms of management and decision making [5] . Understanding and sharing competences improves performance of the firms in the following aspects [15] :
(a) attract, retain, and improve the best available resources for creating and realizing continuous value creation and distribution; (b) publish the competence of one's own firm in the market and identify potential cooperation opportunities; (c) increase awareness about one's own current capabilities as well as understand competences that other companies can offer, which can be used to identify areas for future development; (d) initiate or mediate new partnerships.
Related literature
Modelling and management of enterprise competence refers to how information is managed with respect to organizations, groups, and individuals [16] . Specialized knowledge services are used to extract knowledge and represent them systematically in a formalized manner [7] . Ontology modelling is one of the tools that provide an explicit description of real world knowledge [12] . The term 'ontology' has been coined from philosophy, as a branch of metaphysics concerned with the systematic explanation of existence. Due to its strong implications for the conception of reality, it has gained much interest in artificial intelligence for defining the basic terms and relationships comprising the vocabulary of a topic area as well as the rules for combining terms and relationships to define extensions to the vocabulary. It is utilized in knowledge representation, knowledge engineering, information modelling, database development and integration, and information retrieval and extraction, among others [3, 12, 17, 18] . It basically contains concepts, concept taxonomies, and relationships to support information exchange and knowledge sharing.
There is a plethora of literature related to the development of ontology models [3, 19, 20] , but only a handful of efforts have attempted to model information related to enterprise competence in a formal ontology. However, other work has been done to make this modelling process easier or has modified it for a particular purpose. Without any pretention of providing an exhaustive review of the published literature, some of the most relevant contributions in the area of enterprise modelling and competence modelling respectively are summarized in the next two subsections.
Enterprise ontologies and modelling framework
Enterprise ontology models are generally used for enterprise knowledge management with well-defined terminology accepted by all participating firms. The goal of an enterprise ontology model is to define semantics for the domain terminology in an easyto-understand way. Such an ontology model is similar to a dictionary, taxonomy, or glossary, but with structures and formalisms that enable computers to process its contents. The goal of an enterprise ontology model is to define the enterprise's [21, 22] :
(a) business entities and relationships; (b) processes and planning; (c) organizational structure; (d) market details and products/services; (e) high-level planning and preferences.
Some important enterprise ontologies developed by the artificial intelligence community and enterprise modelling community are the following [19] .
(1) TOVE (TOronto Virtual Enterprise) is developed to support enterprise integration with minimum Enterprise competence organization schema ambiguity and maximum understanding and precision in communication [23] . TOVE provides a generic and reusable ontology for modelling an enterprise. It is basically the group of ontologies comprising three different categories of ontology, namely core ontologies for products and services, derivative ontologies for transportation and inventory, and enterprise ontology for enterprise design and business processes.
(2) Enterprise Ontology is developed under the Enterprise project to provide a collection of terms and definitions relevant to business enterprises [24] . Enterprise Ontology was not developed for a specific type of enterprise, but as a generic model oriented more towards business and organization than towards a specific domain. (3) Open Information Model (OIM). The goal of the OIM project, sponsored by the Meta Data Coalition (MDC), is to provide a vendor-neutral and technology-independent specification of enterprise metadata [25] . Open System Architecture) is a methodology developed at Purdue laboratory for appropriate integration of operations by means of efficient information exchange within the enterprise [26, 27] . (5) IDEON is a unified enterprise ontology that provides a common foundation for designing, reinventing, managing, and controlling collaborative, distributed enterprises [19] . It consists of a set of business entities and relationships that represent common entities with an enterprise context. (6) BPML (Business Process Modelling Language) represents a new family of process definition languages intended for expressing abstract and executable processes that address all aspects of enterprise business processes [28] . It provides an abstract execution model for collaborative and transactional business processes based on the concept of a transactional finitestate machine. (7) CNO (Collaborative Network Organization). In order to share the same terminology, the virtual enterprise partners need to agree on the terms that they intend to use in collaboration. CNO is introduced to structure concepts and terms used in the field of collaborative networks [29] .
A detailed review on each of these ontologies and other relevant enterprise ontologies and modelling frameworks is given in reference [30] .
Competence modelling
Competence modelling and management presents specific requirements in enterprise modelling. Enterprise competence models are generally used for representing relevant business activities and products or services offered/searched by the company. The HR-XML Consortium has defined competence as [31] :
A specific, identifiable, definable, and measurable knowledge, skill, ability and/or other deployment-related characteristic (e.g. attitude, behaviour, physical ability) which a resource may possess and which is necessary for performing an activity within a specific business context.
Several competence analysis and management tools have been explored during the last few years. The resource-based view (RBV) is one of the initial approaches used for identifying the internal capabilities and competences of an organization. Resource-based theory sees enterprises as potential creators of valueadded capabilities and develops a rigorous model for analysing firms' strengths and weaknesses. The concept of RBV was coined by Edith Penrose in her book The Theory of the Growth of the Firm [32] , where she argued that a firm is not the same thing as 'flesh and blood' organizations; it is collection of productive resources the disposal of which between different users and over time is determined by administrative decisions. However, the theory was popularized by Prahalad and Hamel [5] , Rumelt [33] , and Barney [34] .
Within the resource-based view, a company is considered as a pool of hard-to-copy resources and capabilities that reside within an organization and that the organization might want to develop, in order to achieve a sustainable competitive advantage. Resources and capabilities that are valuable, uncommon, poorly imitable, and non-substitutable comprise the company's core competences and therefore present a lasting competitive advantage [35] . In order to analysis the competitive potentials of core competences, Barney proposed a framework, VRIO, as an internal tool of analysis. VRIO analysis (Valuable, Rare, Inimitable, Organized) provides a checklist with the question of value, the question of rarity, the question of imitability (ease/difficulty to imitate), and the question of organization, and determines the strategic importance of resources and capabilities.
Pareto and Snis proposed a flexible interactive visualization model to support competence management from the perspectives of organizations, groups, and individuals [36] . Harzallah et al. built a CRAI (Competence-Resource-Aspect-Individual) competence model which is useful for different competence management processes, e.g. enterprise competence identification, personnel recruitment, etc. [37] . According to Schmidt and Kunzmann, an enterprise uses competence in two different perspectives, i.e. at the organizational level for integrating human assets into management practice and at the operational level for fostering learning activities of individual employees [38] . They developed a reference ontology to bring the above two perspectives together. Draganidis et al. developed an ontology-based tool for competence management [39] . Li et al. developed an enterprise competence model (ECM) for structural representation and exchange of competence within and outside the enterprise [9] .
Tarassov et al. modelled individual and industrial competence using ontology as a meta-model [40] . They utilized ontology as a way to formalize individual and industrial competence. Boucher et al. did a general survey on the formalization and integration of competence-oriented concepts within enterprise information and decision systems [10] . Pépiot et al. proposed UECML (Unified Enterprise Competence Modelling Language) with the intention of providing a neutral interface for enterprise competence modelling [41] . This language was developed to alleviate the deficiencies of UEML (Unified Enterprise Modelling Language) and make a simple and single model for competence modelling. Jussupova-Mariethoz and Probst came up with the Business Concept Ontology (BusCO) modelling concepts related to the enterprise performance and competence monitoring processes [15] . BusCO gives a common understanding of the data and information which facilitate analysis of the general and enterprise-specific concepts related to competences and experience monitoring.
Need for published competence model
To fully exploit enterprise skills and capabilities in a global market, it is necessary to consolidate and contextualize published competences in an explicit and structured manner. Published competence is a very crucial element for a company wishing to participate in collaboration [7] . A published competence consists of knowledge that the enterprise is willing to make public (or publish). It includes details that the company wants to tell others about: who it is, what it can do, what it is interested in, what it wants to achieve, etc. It emphasizes information that may affect relationships with individuals, groups, and organizations, associated with a new vision of performance as well as new forms of management and decision making.
Unfortunately, most of the models discussed above do not cover this requirement and are unable to represent entire competences with the same, single formalism [15, 39, 41] . In the context of this paper, the main deficiencies identified in the existing literature and addressed in the present research are that:
(a) enterprise ontologies are too general and focus mainly on single enterprise modelling; (b) competence models lack a consistent set of concepts and vocabulary for describing competences.
ECOS (Enterprise Competence Organization Schema) is therefore proposed in the present paper in response to the incompleteness of existing work. The proposed ontology is based on the representation of published competences of enterprises in a formalized notion.
ECOS: MOTIVATION AND OBJECTIVES
The internet is a basic entity for interconnecting man and machine, and almost all parts of the enterprise community have reshaped to exploit the opportunities it offers [42] . Web technology is used to handle the information systems concerned with syntactic and structural heterogeneity [42, 43] . However, knowledge sharing and communication among multidisciplinary enterprises require treatment of the structure as well as the semantics of the data stored in those repositories [42, 44, 45] . Collaborating partners often use different terminologies to describe the same meaning or alternatively the same terminology may be associated with different meanings. Such lack of clear semantic description of the meaning of contents in a particular domain has hampered the interoperability and shareability of knowledge between collaborative firms. In order to handle this interoperability challenge of future organizations, it is necessary to make knowledge explicit and machine interpretable [41, 46] .
The next generation enterprise community needs sets of interconnected data and semantic models to communicate and exchange its knowledge, without the current risk of misinterpretation. The Semantic Web is a vision for extending current web technology in which information is annexed with a well-defined meaning that enhances the interoperability between computers and people [42] . This extension of the web employs ontologies for defining semantics and thus gives meaning to the data and applications for automatic processing. Ontologies are considered as one of the pillars of the semantic web, having a collection of concepts and relationships for a domain. The ECOS ontology is defined for expressing and sharing enterprise competence, defining common vocabularies for similar concepts, and supporting intelligent queries over heterogeneous databases.
The concept of proposing metadata (ontology for semantic web) was previously introduced in the form of the Friend-of-a-Friend (FOAF) vocabulary [47] . The FOAF project explored the application of semantic web technologies for describing a person's social sphere, e.g. professional and personal life, friends, and interests. Similarly, the vCard ontology was proposed as metadata for an electronic business card [48] . ECOS, which is proposed in this paper, addresses the challenges of sharing enterprise competence knowledge in a similar manner, through metadata for modelling and managing enterprise competence, publishing it on the internet, and sharing and exchanging it with enterprises. ECOS does not aim to propose a definitive enterprise modelling language acting as a substitute for all previous proposed ontologies; rather it provides a standard meta-model for published competences of enterprises. ECOS and its developments contribute towards:
(1) Metadata for electronic business cards. Metadata is machine-processable information for the internet, when structured into a hierarchical arrangement known as ontology. Both terms describe 'what exists' for some purpose and are used as a shared means of communication between computers and between humans and computers [12] .
To reach this goal, information is attached with a semantic annotation so that it can be processed and used by computers. The ECOS ontology provides metadata for annotating information in an electronic business card and expressing it as a semantic resource. (2) Consistent set of concepts and vocabulary.
Standards are used to represent competences with a consistent set of vocabulary, which is widely accepted and shared among enterprises.
In an attempt to articulate a comprehensive vocabulary, classifications defined by the United Nations (UN) Statistics Division and the European Union are considered in this paper, see Appendix 2. These international classifications, including CPC (Central Product Classification), ISIC (International Standard for Industrial Classification), NUTS (Nomenclature of Territorial Units for Statistics), and ISCO (International Standard Classification of Occupations), are converted into semantic web resources using SKOS (Simple Knowledge Organization Scheme) [49] . (3) Interoperability with existing ontologies. In order to avoid reinvention of the wheel, existing ontologies are used for explaining certain ECOS concepts. The vCard ontology is used for capturing information about person and address in the ECOS ontology, see Appendix 1 [50] . Similarly, iCalendar ontology is used for capturing time in ECOS [51] .
ECOS: DEFINITION AND DETAILS
A priori, to understand the implementation of ontologies in competence management, it is necessary to understand what they are. In recent times, ontologies have gained increasing interest from the artificial intelligence community owing to their ability to capture knowledge for representation, processing, and management [6, 21, 22] . In situ, ontologies have been defined by several researchers in different ways but a definition that is most general and widely quoted is 'an explicit and formal specification of a shared conceptualization', where 'explicit' means it comprises concepts, properties, relationships, functions, axioms, and constraints [12, 52, 53] . Similarly, 'formal' means it is machine readable and interpretable. 'Conceptualization' is used because an ontology provides an abstract model that gives a simplified view of the things it represents, and 'shared' means there is consensus about the information which is acknowledged by a group of experts. In short, it is a set of concepts, its taxonomy, and interrelationships, and the rules that govern such concepts. The ECOS ontology proposed in this paper for modelling enterprise competence is shown in Fig. 2 . It is mapped as a generic tree structure to model the published competences of enterprises. The structure has been divided into four key classes: General Information, Business Details, Specific Information, and Business Records. The seven-stage ontology design process proposed by Noy and McGuinness [54] has been followed for developing the ECOS ontology. The knowledge engineering approach includes the following steps:
(1) Determine domain and scope of ontology. A detailed description of ECOS concepts is provided in the remainder of this section.
ECOS concepts
ECOS is used to capture and publish enterprise competence in a manner that is understood by machines as well as humans. It is based on a set of core concepts and sub-concepts required to describe enterprise competence. ECOS is based on four high-level concepts that collectively represent the published competence of an enterprise.
General information
An ECOS representation starts with General Information, capturing basic information about the company such as name, address, contact person, etc. General Information consists of five concepts.
(1) Company Name (GCN): includes the name of the enterprise added with a URI (Unique Resource Identifier), such that
where name is the name of the company and URL is basically a web link that leads to a web page (e.g. homepage) on the internet. It is used to give a unique name to each enterprise in the database. to express an enterprise's address in the ECOS model, such that
where GA code is the NUTS code referring to the region of the enterprise. (4) Contact Person (GCP): terms defined in the vCard ontology are used to describe information about the contact person of the company
where GCP code is the ISCO code selected for the contact person. (5) Key Person (GKP): this concept is used to give information about key people responsible for managing the business and affairs of the company and ensuring its success. It is also expressed using the vCard ontology and ISCO codes
This concept may include information about lead persons in the company such as shareholder, owner, director, etc. GKP code is the ISCO code representing the role of the key person.
Business details
This key class is intended to capture the market details of a company. It includes information about sector, product/services, customers, preferences, and financial details of the company.
(1) Sector (BS): this concept refers to a broad way of grouping similar industries. Generally, enterprises are classified in four key sectors: the primary sector, largely raw material extraction industries such as mining and farming; the secondary sector, involving refining, construction, and manufacturing; the tertiary sector, which deals with services (such as law and medicine) and distribution of manufactured goods; and the quaternary sector, a relatively new type of knowledge industry focusing on technological research, design, and development such as computer programming and biochemistry. A fifth quinary sector has been proposed encompassing nonprofit activities. In this paper, sector codes are used to classify companies into different sectors. Formally, the sector concept is defined as
where BS code is the first level of ISIC code used for defining enterprise sector (Appendix 2). where name refers to the formal name of the product, BPS code is the list of CPC codes used for classifying product, and detail includes further information about the product defined under data-type properties (price, description, specification, purpose, etc.). (3) Customers (BC): this concept lists the potential buyer or user of products/services of the company. This is typically through purchasing or renting of goods or services. Formally, it is defined as
where GI is the general information about the customer and BS is used to define the sector code of the customer. (4) Financial Highlights (BFH): the financial details of the company include information about its revenue, profit, income, employees, etc. This information is captured under this concept, formally defined as
where name is the type of information, value is the value of name, and time is the time when this information is captured. (5) Preferences (BP): enterprises always look for new business opportunities in the market, but with a focus on certain objects of interest. This concept is included to capture those business interests of the company. It is formally defined as
where type is a the type of preference such that type ¼ sector, region, process, product ; value is the value of the preference selected from standard classifications, where sector 2 SectorCode, region 2 NUTS, process 2 ISIC , and product 2 CPC ; and weight represents the numerical weight of the enterprise preference.
Specific information
The central idea for this key class is to capture core competences of an enterprise. Core competences consist of all assets, tangible and intangible, human and non-human, that are possessed and controlled by the company and that permit it to devise and apply value-enhancing strategies [35] . The Specific Information class captures these competences under five sub-classes.
(1) Process (SP): this concept defines the activities and programmes that a company employs to meet its mission, objectives, and interests. A process is basically a sequence of actions resulting in a product or service. In general, the description of process includes process name, description, actors involved in the process, its start and finish time, sequence of activity, etc. However, in the ECOS model description, only the information about published competence is included. Therefore, the formal description of process includes
where name is the name of the process, SP code is one or more ISIC codes defined for the process, and detail is the description of the process. Resources can be classified into two categories, material and non-material resources [41] . A resource can be formally defined as
where name is the name of the resource, type is the type of resource such that type ¼ Material, f NonÀmaterialg, SR code is the CPC/ISIC code selected for the resource, and detail is the description of the resource. where name is the name of the organizational unit, SU code is the ISIC code identified for the unit, detail is the details about the organizational unit, actor is the set of human resources used to support the handling responsibilities, and responsibility is a set of processes and resources such that responsibility ¼ SP f g, SR f g ½ . (4) Skill (SS): skill is the ability to handle responsibilities and perform actions as per the requirements. It is a repeatable pattern of action executed to create, produce, and/or offer product/services to the market. Skills arise from the coordinated activities of resources and processes in an organization unit. A skill is formally defined as
where name is the name of the skill, SS code is the ISIC code identified for the skill, and detail is the description of the skill.
(5) Plan (SPP): enterprises are always in search of new business opportunities and must be prepared to take on new challenges based on the capabilities they are able to perform, but which they may not carry out at present. This concept is used to capture such information that an enterprise believes it can perform in the future. Formally, plan is defined as
where name is the name of the plan, SPP code is the selected ISIC code, and detail is the description of the plan.
Business records
Central to the Business Record category is information that an enterprise publishes to draw the attention of customers and vendors for new business opportunities.
This key class lists information about past activities, relationships, and achievements of the company. The concepts included in this class are as follows.
(1) Past Project (RPP): this concept lists past projects of the company handled independently or in collaboration with another company. Formally, it is defined as
where name is the name of the project, RPP code is the list of selected ISIC/CPC codes for describing the project, detail is the description of the project, time is for start and end time or period of the project, and partner is the list of partners involved in the project. where name is the name of the achievement, type is the type of achievement such that type ¼ Patent , Standard, Publication f g , RA code is the ISIC/CPC code selected for the achievement, and detail is the details about the achievement.
ECOS-card
The standard Web Ontology Language, OWL, is used for publishing the schema and vocabulary of ECOS ontology on the semantic web [13] . The detailed description of the OWL schema is provided in Appendix 3. The OWL schema provides a standard vocabulary for representing enterprise information in ECOS format and publishing it on the internet. The OWL schema developed for the ECOS ontology consists of 25 classes, 15 properties, and six existing ontologies. Out of 25 classes in total, five are main classes used to describe general information, business details, specific information, and business records of the enterprise class. The other 20 classes are auxiliary classes used for describing the main ones and their relationships. Table 1 explains classes, sub-classes, properties, and external ontologies utilized in the ECOS ontology. The schema for the EOCS ontology can be obtained online (http://kmm. lboro.ac.uk/ontology/ecos).
The OWL schema for the ECOS ontology is used for generating an ECOS-card, Fig. 3 , a concept proposed in this paper to create a semantic profile of an enterprise using the ECOS vocabulary. It is a novel concept of publishing information in a manner that can be read by machines as well as humans. As shown in Fig. 3 , an enterprise profile is represented in two formats, i.e. human readable (front) and machine readable (back). The human-interpretable page is written in plain HTML/XML format to view it in web browsers; whereas RDF/XML format is used for representing machine-readable information. Computers can use this card for finding information about a company or searching for companies which have certain competences. It can also be used to facilitate the process of search engines and other search applications (e.g. tender selection, partner search) to work semantically.
ECOS-form
The ECOS-form is a simple web application developed to create an ECOS-card. It provides a platform for developing an ECOS-card in RDF/XML format. The ECOS-form is available online (http://kmm.lboro.ac.uk/ecos.html). It is an application form with fields for all sorts of information required for creating an ECOS-card. A classification list for standard classifications is also provided with this form to define and add codes with enterprise information.
ECOS query
RDF/XML format, used for representing ECOS profiles, is the most common approach for linking data with ontologies. It is a standard format, developed by the World Wide Web Consortium (W3C), for storing arbitrary data on the semantic web. The data in RDF/ XML format is described as instances of the corresponding ontology represented as an RDF schema or OWL ontology. The advantage of statement-centric RDF data format is that it can be stored in various formats such as graph-based representation, which is especially suitable for humans because it is easily readable. Other forms of representations include XML syntax which is more verbose but more popular on the internet; and N-3 or N-triple, less verbose and better readable, but rarely used and known. However, in this paper RDF/XML syntax is used for storing ECOS profiles. An advantage of using an established syntax for ECOS is to gain existing advantages of XML and have a variety of applications (e.g. web publishing, web searching and automating web tasks, e-business applications, pervasive computing, etc.).
For RDF/XML based syntax, the next requisite is a query language which can access the information stored in ECOS profiles. SPARQL (Simple Protocol and RDF Query Language) is the query language proposed for the semantic web and is currently a W3C recommendation. More precisely, SPARQL is a query language for RDF. In syntax, SPARQL resembles SQL (Sequential Query Language) to a great extent (like SELECT, WHERE, ORDERBY) but the difference is SQL works on the relational database while SPARQL works on the RDF graphs.
ECOS: A SIMPLE EXAMPLE
One of the core goals of the semantic web is to attach metadata with information resources stored in distributed locations and use ontologies and reasoning to aggregate it. ECOS is proposed in this paper as a standard ontology for attaching metadata with enterprise competences and publishing it as a semantic profile on the internet. The ECOS ontology provides metadata for annotating information in an electronic profile of a company and expresses it as a semantic resource which can be understood by systems as well as humans. The proposed ontology model utilizes standard classifications (UN classifications, e.g. NUTS, CPC, ISIC) and existing ontologies (e.g. vCard) to develop a consistent set of concepts and vocabulary for capturing enterprise competences. The structured and explicit enterprise profile is generated to enhance the manageability of enterprise competence (information which is generally only available as unstructured text documents), and thereby enable software agents to carry out sophisticated tasks such as planning, evaluation, profile matching, and need analysis.
This section presents how the ECOS ontology captures, presents, and publishes competence in a formalized structure. In this paper, the enterprise information is captured using the ECOS-form, a web application developed for generating semantic profiles of the companies. This semantic profile is called an ECOS-card, and is published in RDF/XML format and HTML/XML format for human and machine processing, respectively. In order to better understand this process, an example is now provided.
Consider an enterprise, ABCJ Limited, with varied competences, skills, and processes, looking for new business opportunities in the market. The enterprise is willing to publish its information on the internet and enter the global market. At first, the enterprise publishes information about its competences. The enterprise uses the ECOS-form for creating a semantic web profile and publishing it as its ECOS-card. The ECOScard can be utilized to envisage and plan the execution of new plans, initiate new business opportunities, and extend the enterprise's business potential. This semantic profile is analysed and compared with other ECOS-cards from other enterprises for the selection of suitable business opportunities and appropriate business partners and for developing enterprise collaboration.
The web profile of the enterprise ABCJ Limited is as follows:
ABCJ Limited is an SME located in Leicester, UK. The company provides network consultancy and support to the academic and health sector. It offers total IT support from managing your computers and networks to writing software for them. ABCJ serves charity, education/training, health/medical, ICT, and public sectors. The key processes of the company are: IT networks, wireless networking, data applications, etc. The company has skills Fig. 3 The idea behind ECOS-card Enterprise competence organization schema in software development, IT networks, and IT consultancy. ABCJ has close relationships and certifications from Microsoft, Novell, Cisco, and many other industry standard technology companies. ABCJ always looks for projects in the field of support and maintenance in IT networks.
The approach followed for converting the above text profile into a semantic web resource is as follows.
(1) Fill in ECOS-form. The ECOS ontology has four complementary concepts for capturing the key competences of an enterprise. An ECOS-form provides different fields, per se ECOS concepts, which need information from the user. The information required from users falls under the following categories:
. General Information, capturing basic information about the company (name, short summary, address, contact person, and key person); . Business Details, including information about sector, product/services, customers, preferences, and financial details of the company; . Specific Information, capturing tangible and intangible assets of the company (resources, skills, processes, organizational units, and plans); . Business Records, listing information about past activities, relations, and achievements of the company.
A screenshot of the ECOS-form filled with the information of ABCJ Limited in shown in Fig. 4 . Once this basic information is filled, the next step is to fill in appropriate codes for the required fields.
(2) Codes identification. One of the objectives of proposing ECOS was to represent competences with a consistent set of vocabulary, widely accepted and shared among enterprises. In an attempt to articulate a comprehensive vocabulary, classifications defined by the UN Statistical Division and the European Union are considered in this paper (Appendix 2). These international classifications, including CPC, ISIC, NUTS, and ISCO, are converted into semantic web resources using SKOS [49] and appended with the ECOSform. SKOS is a family of formal languages designed for representation of thesauri, classification schemes, taxonomies, or any other type of structured controlled vocabulary. SKOS is built upon RDF and RDFS, and its main objective is to enable easy publication of controlled structured vocabularies for the semantic web. These SKOS models for standard classification can be obtained online.
. Fig. 5 . These classifications are used in the ECOS model for providing a standard vocabulary for competence representation. A screenshot of the ECOS-form with blanks for classification codes is shown in Fig. 6 , from which it is clear that a user has to select an appropriate code from lists shown in Fig. 4 and fill in the required blanks in the form. The concepts available in the ECOS-form that require classification codes are the following.
. Sector code: Sector, Customer, Preference, and Relation; . NUTS code: Address; (3) ECOS-card generation. Once the enterprise information and appropriate codes are filled in the required fields, an ECOS-card can be generated from the ECOS-form. The ECOS-card generated for the above example is shown in Fig. 7 . A tree representation of the ECOS-card generated from the ECOS-form is shown in Fig. 8 . For brevity, the tree structure of the ECOS-card is not shown completely. Only three concepts, namely ecos:General, ecos:Skill, and ecos: Preference, are shown in Fig. 8 . The remaining concepts are self-explanatory.
As mentioned earlier, the ECOS-card for ABCJ Limited is provided in two formats, i.e. HTML/XML (human readable) and RDF/XML (machine readable), describing the company's basic information and competences labelled with predefined classification codes. Figure 9 shows how the same information is represented in two different formats. The main advantages of this card are:
(a) a computer can view this information as an explicit tree structure (as shown in Fig. 8) ; (b) a computer can store the information in any decentralized location;
(c) a computer can find the information and accomplish tasks without human direction; (d) a computer can extract information from this card using the SPARQL query language, discussed in section 4.4.
The semantic profile generated for publishing the enterprise competences can be used to identify direct and indirect relations with other enterprises' profiles and business opportunities. These relations can be used as a basis for building social relationships and supporting various enterprise applications, network analysis, and project selection. Three such applications are discussed in section 6.
ECOS APPLICATIONS
ECOS captures an enterprise's published competences (information the enterprise is willing to make public) with a consistent set of concepts and vocabulary, and presents/stores it as a semantic web resource. These semantic profiles are directly linked with standard classifications and existing ontologies, as shown in Fig. 10 , thus indirectly linked with each other. These hidden relations can be used to match ECOS profiles and identify relationships between them. It can be used to support various enterprise applications related to the competences of an enterprise. Three such successful applications are discussed in this section. They offer a total IT support from managing your computers and networks and for writing software for them. Name: IT Support Code: cpc#83131, cpc#83132 Detail: ABCJ provides full IT support.
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Network analysis among enterprises
An enterprise in pursuit of emerging business opportunities publishes its competences in the market or on the internet to extend its business processes and develop collaborations with similarly focused companies (with complementary competences). ECOS can be used to create semantic profiles of companies and further utilize them for network analysis. Network analysis is the mapping and measuring of relationships between people, groups, organizations, or any information-processing entities. The nodes in the network refer to the entities while the links show relationships between the entities. ECOS can be used to facilitate modelling and analysis of collaborative networks, for the following reasons.
(1) The purposes of network analysis and ECOS are similar: network analysis focuses on defining explicit relationships between entities; ECOS is deployed for defining and explicating concepts and relationships in a particular enterprise domain. (2) ECOS uses a consistent set of concepts and vocabulary for describing competences. This consistent vocabulary set can facilitate the reasoning and inference mechanism of network analysis.
A simple example of network analysis among enterprise profiles is presented in Fig. 11 , which shows part of the NUTS ontology and part of an ECOS profile for two companies, ABCJ Limited and Anchor Industries, located in Leicester and Derby, respectively. From the above ontologies it is easy to infer that both companies are located in East Midlands. Similarly, more complex relations can be defined using ECOS profiles.
Tender selection
The introduction of the internet in the business environment has allowed companies to realize their selling and buying activities as well as their Fig. 11 Example for network analysis cross-company communication through it. With the support of web technology, different organizations (companies, government agencies, academic institutes, service providers) publish their tender needs electronically. Generally, companies are registered with some tender-alert services or may use their built-in software for tender receiving and tender matching. These matching services list tenders based on resemblance of the company's profile to the tender requirements [55] . The ECOS profiles can facilitate this process by providing a computerunderstandable format with a consistent set of vocabulary for defining competences.
Partner selection
Generally, companies get notices from tender-alert services for which they could provide input in collaboration with other small and medium enterprises, but which they could not undertake individually. In such situations, an enterprise needs the support of other companies to fulfil the tender requirement. However, selection of appropriate business partners and sharing of resources with them is a difficult task and a prime challenge associated with enterprise collaboration [56] . In the past, a broker (i.e. usually a human) with good knowledge about companies was employed as a driving force for searching and recognizing market opportunities, planning and drafting collaboration, and estimating costs and revenues. In the current situation it is really difficult to handle the information about all the collaborative firms and thus it becomes necessary to model the knowledge in a form that is manageable and addressable [57] . An ECOS model can be used here to capture domain knowledge and establish a consistent vocabulary which can be easily interpreted by the system as well as humans.
ECOS INTEROPERABILITY
The ECOS ontology is proposed for defining the semantics for enterprise information and giving meaning to the enterprise profiles for their automatic processing. The goal is to enable computers to process the interchanged information in a more intelligent way. The objective of ECOS is to create machineunderstandable pages with sets of interconnected data and semantic models that communicate and exchange knowledge and enhance the opportunities for enterprise collaboration. It can be seen as an enabling technology that allows the formalization of the semantics of enterprise information for its unambiguous interpretation. ECOS can contribute to solving the problem of interoperability between software applications across different organizations, providing a shared understanding for terminologies used in enterprise profiles. It can be used as a key element in various enterprise applications such as information search and retrieval, profile representation, and management, etc. However, the standalone ECOS ontology is not adequate for all enterprise applications and domains as the enterprise community cannot agree upon using a single ontology to describe all its processes. The concern of this research is to manage the ontology in a manner that supports users to modify, integrate, and reuse it with new and existing ontologies. Ontology integration and reuse is required to reduce the cost and effort spent in developing new ontologies. In the ECOS model, the vCard ontology is reused to capture information about an enterprise's individuals (e.g. name, address) instead of developing the model for a person from scratch. Similarly, the proposed ECOS model can be reused in other ontologies from the enterprise and semantic web communities for managing enterprise competences and profile information. The users can use a link (http://kmm. lboro.ac.uk/ecos/1.0#) for integrating the ECOS ontology with existing and new ontologies.
Currently, the authors are planning to integrate the ECOS ontology with linked data, a sub-topic of the semantic web. Linked data is basically about exposing, sharing, and connecting data via URIs and HTTP (HyperText Transfer Protocol) on the internet [58] . Underpinning the semantic web, it is the set of best practices for defining interconnected data, fixing standardized meanings, and publishing semantic data on the internet. It is used to link current web information at the data level and evolve the current web from a global information space of linked documents to one where both documents and data are linked. Tim Berners-Lee, inventor of the internet and proponent of the semantic web, outlined a set of rules for publishing linked data, paraphrased along the following lines:
(a) use URIs as names for things; (b) use HTTP URIs so that people can look up those names; (c) when someone looks up a URI, provide useful information, using the standards (RDF, SPARQL); (d) include links to other URIs, so that they can discover more things.
These 'linked data principles' provide the basis for publishing and connecting data using the infrastructure of the web while adhering to its architecture and standards. The Linking Open Data (LOD) project, an open and collaborative effort by the W3C SWEO community, aimed to develop linked data by publishing open datasets as RDF and creating RDF links between data items from different data sources. The project started out in early 2007 with a relatively modest number of datasets and participants and has grown since in terms of depth, impact, and contributors. Currently LOD contains more than 40 datasets, with total volume above 4.7 billion statements, interlinked with 142 million statements as illustrated in Fig. 12 [58] . The idea is to link the ECOS ontology with this LOD dataset for publishing the enterprise profile information.
CONCLUSIONS
An enterprise regards the knowledge and skills of its internal competence as the primary wealth of the company and utilizes them to contribute to the distinctive features of the company. Competence plays a key role in enhancing organization performance. To enhance the organization's performance, it is essential to store, update, share, promote, and transfer its skills and abilities efficiently. Ontology-based knowledge representation is a powerful approach for modelling concepts and relationships that enable the management, sharing, and reuse of knowledge in a disciplined way. An enterprise competence ontology model, named ECOS, is proposed here to capture the published competences and establish common vocabularies which can be easily interpreted by the system as well as humans. ECOS is proposed with an idea of creating a web of machine-readable pages describing companies, their basic information, skills, assets, etc. This is an electronic form of traditional business cards containing basic information such as name, address, phone numbers, URLs, logos, photographs, and audio clips. In 2001, IPR Systems Pty Ltd specified an RDF (Resource Description Framework) framework for the vCard profile. Resource Description Framework (RDF) is a W3C standard used for defining a metadata model. Iannella used this language for developing a metadata model of vCard for the semantic web [50] . In this paper, RDF framework of vCard profile is used to represent ecos:Address in the ECOS ontology model. An example of a vCard schema used in the ECOS model is: 
Standard classifications
Classifications gather and organize information meaningfully and systematically into a standard format that can be useful for determining the similarity of ideas, events, objects, or persons. The classification means the creation of an exhaustive and structured set of mutually exclusive and welldescribed categories, generally presented as a hierarchy of numeric or alphabetical codes assigned to them. Different international bodies have given classifications on matters such as economics, demographics, labour, health, education, social welfare, geography, environment, and tourism. The standard classifications used in this paper are described in the remainder of this appendix. The classifications are used in the ECOS model for providing a standard vocabulary for competence representation. http://unstats.un.org/unsd/cr/registry/ regcst.asp?Cl ¼ 17) is a standard developed by the UN Statistical Division for classifying productive economic activities (i.e. the same raw materials, process of production, skills, or technology). The ISIC system is now used widely by governments and international bodies as a way of classifying data according to economic activity. One key purpose of the code is to standardize data collection and promote international comparability. The entire ISIC classification is based on four levels, where level 1 includes 17 sections identified by alphabetical letters A to Q, level 2 covers 62 divisions identified by two-digit numerical codes, level 3 is defined by 161 groups identified by three-digit numerical codes, and level 4 includes 298 classes represented with 4 digit code. CPC presents categories for all products that can be the object of domestic or international transactions or that can be entered into stocks. It includes products that are an output of economic activity, including transportable goods, non-transportable goods, and services. The classification structure of CPC comprises: Sections -one digit code; Divisionstwo-digit code; Groups -three-digit code; Classesfour-digit code; Subclasses -five-digit code. For example:
Sector: 8 -Business and production services Division: 84 -Telecommunications, broadcasting, and information supply services Group: 841 -Telephony and other telecommunications services Class: 8411 -Carrier services Subclass: 84110 -Carrier services (c) NUTS NUTS (Nomenclature of Territorial Units for Statistics; http://ec.europa.eu/eurostat/ramon/nuts/ basicnuts_regions_en.html), developed by the European Union, is a geocode standard for referencing the administrative divisions of countries. This code begins with a two-letter code referencing the country, followed by three level codes. The three levels represent NUTS 1 (e.g. region, state, etc.), NUTS 2 (e.g. county, province, etc.), and NUTS 3 (city, area, etc. 
ECOS coding
An ontology must be coded in some formal language to express the concepts in the domain in a manner that computers can understand and manipulate easily. Several ontology languages have been developed during the last few years and have been used in the context of the semantic web. These ontology representation languages are logic based, frame based, or web based. A comparison between all the existing ontology languages is provided in references [14] and [59] . The languages are extended versions of XML syntax facilitating greater machine interpretability and semantic interoperability. Ontology Exchange Language (XOL), Simple HTML Ontology Extension (SHOE), and Ontology Markup Language (OML) are the primary extensions of the XML syntax. However, other popular ontology languages are RDF, RDF Schema (RDF-S), and OWL (Web Ontology Language) developed by W3C. These allow the specification of the semantics of data based on XML in a standardized and interoperable manner. The Web Ontology Language, OWL, is the most expressive language for specifying, publishing, and sharing ontologies. It facilitates greater machine interpretability of web content than that supported by XML, RDF, or any other language proposed in literature. It is the only standard web ontology language that provides formal semantics along with additional vocabulary. OWL mainly comes in three sub-languages -OWL Lite, OWL DL, and OWL Full -which are intended to be layered according to their increasing expressiveness. In this research, OWL DL is used to model the ECOS ontology as this enables the encoding, exchange, and reuse of the ECOS ontology.
OWL describes the structure of an ontology by using some basic building blocks such as classes, properties, and individuals. Classes are used to group and describe individuals with similar properties (implicit or explicit). Properties are binary relations on individuals, i.e. linking two individuals together or associating individuals with instances. In OWL, properties have multiple domains that connect a property with a class and multiple ranges to link the property with a class or instance. Individual represents instances of the described domain. The above three building blocks are also associated with relationship; i.e. each class has a set of property, class has instance individual, and individual has value for property.
